The effects of three flavonoids (quercetin, luteolin, diosmetin) on -amylase were examined by enzymatic kinetics and fluorescence spectroscopy. The three test flavonoids were non-competitive inhibitors of the enzyme. Addition of flavonoids led to fluorescence quenching of -amylase. The quenching was initiated from the formation of a complex between the flavonoids and the enzyme, corresponding to a static quenching process. An -amylase molecule provides a binding site for the test flavonoid. The main binding force was hydrophobic. The decreasing order of inhibition of -amylase by flavonoids and the binding force was luteolin, diosmetin, and quercetin. It is demonstrated that hydroxylation in ring C and methylation of the hydroxyl group in ring B of flavonoids may weaken the binding affinities to -amylase.
The incidence of type 2 diabetes is increasing at an alarming rate. Recent evidence suggests that high postprandial plasma glucose concentration is associated with an increased risk of developing type 2 diabetes and metabolic syndrome [1, 2] . Therefore, control of postprandial blood glucose level has been suggested as an important and effective way to mitigate and prevent the illnesses of hyperglycemia and diabetes. α-Amylase is a key enzyme in the digestive system and catalyzes the initial step in the hydrolysis of starch. It has been proposed that inhibition of α-amylase can effectively control the postprandial elevation of the blood glucose level [3] [4] [5] .
Flavonoids, widespread in fruits, vegetables, teas and medicinal plants, have received great attention and have been studied extensively for their bioactivities. Flavonoids can lower the incidence of various diseases such as inflammation, cancer, stroke, and cardiovascular diseases [6] [7] [8] [9] . These positive health effects were reported to be probably related to their strong antioxidative properties, effects on enzymes and signal transduction pathways [10] [11] [12] [13] [14] . Studies have shown that flavonoids could inhibit α-amylase activity and then exert an anti-hyperglycemic and protective effect against the development of diabetes [15] [16] [17] [18] [19] .
The interaction between flavonoids and enzymes leads to significant changes in the physicochemical properties and structure of the proteins, the latter in turn influencing the catalytic activity of the enzymes. The present work aimed at examining the effect of three flavonoids, quercetin, luteolin, and diosmetin on α-amylase. The three compounds showed different inhibitory effects on -amylase in vitro (Figure 1 ). The reaction between the flavonoids and amylase caused a decrease in catalytic activity of the enzyme in a dose-dependent manner. Luteolin was the best -amylase inhibitor, followed by diosmetin and quercetin. Figure 2 shows the double-reciprocal plots of the enzyme inhibited by the test flavonoids, which indicated that they were noncompetitive inhibitors of -amylase. So, the flavonoids could bind with both free enzyme and enzyme-substrate complex, and the equilibrium constants were equal. Goto et al. found that tiliroside, a glycosidic flavonoid, inhibited pancreatic -amylase in vitro as a noncompetitive inhibitor [20] .
The interactions between the flavonoids and -amylase caused an obvious decrease in the fluorescence intensities of -amylase in 308 K (Fig. 4 ). The fluorescence intensity of -amylase decreased with increasing flavonoid concentration. The three-dimensional structure of -amylase molecules was altered. Similar results were obtained at 298 and 318 K (data not showed). Quenching data indicated that the quenching was due to the formation of a complex between the flavonoids and α-amylase, corresponding to a static quenching process. The quenching of -amylase fluorescence depended on the formation of a flavonoid--amylase complex.
From Table 1 it can be seen that the binding constants (K b ) increased with increases in temperature, which indicated the formation of stable -amylase-flavonoid complexes and that the binding was enhanced with temperature increases [21, 22] . The number of binding sites (n) per α-amylase molecule was approximately 1. The decreasing order of binding force between flavonoids and -amylase was luteolin, diosmetin and quercetin.
Xiao et al. found that the fluorescence of -amylase was quenched by reacting with flavonoids, and there exists a single binding site in -amylase for luteolin and quercetin [23] . Their results for the affinities of luteolin and quercetin for -amylase in vitro are in general agreement with ours.
The main binding force between flavonoid and -amylase was the hydrophobic force due to both ∆H and ∆S > 0 ( Table 1 ). The reaction is endothermic and entropy-driven (∆H > 0, ∆S > 0). The binding of flavonoids to -amylase is a spontaneous reaction (∆G < 0). The -amylase-flavonoid complex formation possibly altered the environment of the active site or region close to the active site of the enzyme, which was responsible for the inhibition of enzymatic activity. Li et al. also found that quercetin, isoquercetin and rutin could bind with -amylase to form a new complex and exhibited obvious fluorescence quenching [24] . Such a quenching was static and the main driving force of the interaction was hydrophobic. The interactions between flavonoids and -amylase obviously affect the catalytic activity of the enzyme, which is related to the binding force, and depends on the structure of the flavonoid. The decreasing trend of catalytic activity of -amylase was in accordance with the increasing trend of the binding force between -amylase and the flavonoids.
The number and position of the hydroxyl groups of flavonoid molecules may affect their interaction with -amylase. The hydroxyl groups of luteolin in ring A and B are the same as those of quercetin. However, the latter has one more hydroxyl group in ring C than the former. The results showed that luteolin had a greater binding force to -amylase than quercetin. Thus hydroxylation in ring C of flavonoids may significantly weaken their binding affinities to -amylase. Xiao et al. obtained the same results [23] . They showed that the affinity of luteolin for -amylase is 15.05-times higher than that of quercetin. Thus, luteolin had greater -amylase activity than quercetin. Piparo et al. also showed similar results [25] . Tadera et al. demonstrated that the potency of inhibition correlated with the number of hydroxyl groups on the B ring of the flavonoid scaffold [16] .
Methylation of the hydroxyl group in ring B of flavonoids may decrease the binding forces to -amylase. It has been shown that the binding force between diosmetin and -amylase and inhibition of -amylase activity were obviously weaker than those of luteolin.
The results confirmed the results of Piparo et al. [25] . However, the findings of Xiao et al. were contradictory [23] . They found that methylation generally increased the binding affinities for -amylase by 2.14 to 7.76 times. However, there were some exceptions. Some flavonoids (dadzein, chrysin and kaempferol) and their methylated forms (formononetin, wogonin and kaempferide) showed similar affinities for -amylase.
In conclusion, interaction between flavonoid and -amylase led to fluorescence quenching, and reduced catalytic activity of -amylase. The extent of these changes depends on the number and position of the hydroxyl groups of flavonoids. Hydroxylation in ring C may weaken the binding affinities to -amylase and cause a greater decrease in -amylase catalytic activity. Methylation of Structure activity relationships of flavonoids as potent -amylase inhibitors Natural Product Communications Vol. 9 (8) 2014 1175 the hydroxyl group in ring B facilitates a weaker binding force to -amylase.
Experimental
Materials: Quercetin, luteolin, and diosmetin (purity 98%) came from Shanxi Huike Botanical Development Co., Ltd (Shanxi Province, China). -Amylase was purchased from Mühlenchemie GmbH Co. KG. All other chemicals were of analytical grade purity.
-Amylase inhibition assay:
The -amylase inhibition assay of Nickavar et al. was used, with some modification [26] . An aliquot of 200 L of the -amylase solution (0.33 U mL -1 , in 20 mM sodium phosphate buffer containing 6.7 mM sodium chloride, pH 6.8) and the indicated concentrations of flavonoid solution (50 L, in DMSO) was incubated for 30 min at 37°C. The control samples consisted of 200 L of the -amylase solution plus 50 L DMSO. After incubation, 1 mL of 1% starch solution was added and the mixture was further incubated at 37°C for 5 min. The reaction was terminated by addition of 1 mL of dinitrosalicyclic acid (DNS) color reagent and boiling for 15 min. After cooling to room temperature, the mixture was brought up to 25 mL with distilled water and the absorbance at 540 nm was measured. Individual blanks were prepared for correcting the background absorbance. In this case, the DNS color reagent solution was added prior to the addition of starch solution. The inhibition of -amylase activity was calculated by:
Fluorescence quenching measurements:
A test sample was set up by mixing 5 mL -amylase solution (0.66 U mL -1 , in 20 mM sodium phosphate buffer containing 6.7 mM sodium chloride, pH 6.8) and 20 L of flavonoid solutions (in DMSO) at various concentrations to obtain final flavonoid concentrations of 0-30 M. The control samples used were 5 mL of -amylase solution plus 20 L DMSO. After incubation for 10 min at 298，308 or 318 K, the fluorescence spectra were recorded at  ex =278 nm and at an emission wavelength range of 295-450 nm.
Analysis of fluorescence quenching data:
The fluorescence quenching data were analyzed according to Zhang et al. [24, 27] . Thermodynamic parameters, including binding constant (K b ), number of binding sites (n), enthalpy change (∆H), entropy change (∆S), and free energy change (∆G), were calculated according to Wang et al. [28] . 
